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IPPP/08/28, DCPT/08/56, DESY 08-045Signatures of a hidden osmi mirowave bakgroundJoerg Jaekel,1 Javier Redondo,2 and Andreas Ringwald21Institute for Partile Physis and Phenomenology, Durham University, Durham DH1 3LE, UK2Deutshes Elektronen-Synhrotron DESY, Notkestra�e 85, D-22607 Hamburg, GermanyIf there is a hidden photon { i.e. a light abelian gauge boson 0 in the hidden setor { its kinetimixing with the standard photon an produe a hidden osmi mirowave bakground (hCMB).For meV masses, resonant osillations  $ 0 happen after nuleosynthesis (BBN) but before CMBdeoupling, inreasing the e�etive number of neutrinos (Ne�� ) but also the baryon to photon ratioat deoupling. The urrent agreement between BBN and CMB data provides new onstraints onthe kineti mixing. However, if one inludes Lyman-� data, Ne�� > 3 is preferred. It is tempting tointerpret this e�et in terms of the hCMB. Interestingly, the required parameters will be tested inthe near future by laboratory experiments.PACS numbers: 14.70.Pw, 98.80.CqMost embeddings of the standard model into a moreuni�ed theory, in partiular the ones based on supergrav-ity or superstrings, predit the existene of a hidden se-tor whose inhabitants have only very weak interationswith the standard model. The gauge interations in thehidden setor generially involve U(1) fators. Usually, itis assumed that the orresponding gauge bosons are veryheavy, in order to avoid observational onstraints. How-ever, in realisti string ompati�ations, one of thesehidden photons may indeed be light, with a mass in thesub-eV range, arising from a Higgs or St�ukelberg meh-anism. In this ase, the dominant interation with thevisible setor photon will be through gauge kineti mix-ing [1℄, i.e. the system an be parametrized by the low-energy e�etive Lagrangian,L = �14F��F�� � 14B��B�� + sin�2 B��F�� (1)+os2 �2 m20B�B�;where F�� and B�� are the photon (A�) and hidden pho-ton (B�) �eld strengths. The dimensionless mixing pa-rameter sin� an be generated at an arbitrarily high en-ergy sale and does not su�er from any kind of masssuppression from the messenger partiles ommuniatingbetween the visible and the hidden setor. This makes itan extremely powerful probe of high sale physis. Typ-ial predited values for � in realisti string ompati�-ations range between 10�16 and 10�2 [2℄.The most prominent impliation of the kineti mix-ing term is that photons are no longer massless propaga-tion modes. Similar to neutrino mixing the propagationand the interation eigenstates are misaligned. The ki-neti mixing term an be removed by hanging the basisfA;Bg ! fAR ; Sg, where AR = os�A, S = B� sin�A.Sine A and AR di�er only by a typially unobservableharge renormalization we will drop the R subsript fromnow on. In the fA;Sg basis the kineti term is diagonalbut kineti mixing provides an o�-diagonal term in the

mass-squared matrix,� m20 sin�2 m20 sin� os�m20 sin� os� m20 os2 � � : (2)As a result one expets vauum photon-sterile osilla-tions [3℄ as in the ase of �e � ��.In this letter, we examine the impliations of thissimple senario for late osmology. We fous on themeV mass range where a thermal population of hiddenphotons an be reated through resonant osillationsafter BBN but before CMB deoupling. This `hiddenCMB' (hCMB) will ontribute to the e�etive numberof additional neutrinos at deoupling and, sine somephotons will disappear, will inrease the baryon tophoton ratio with respet to the BBN value. Moreover,we will argue that possible distortions of the thermalnature of the CMB spetrum are very small in theparameter range allowed by other onstraints.E�ets of a post BBN hCMB prodution.- Let us assumethat at the time of BBN there is no hidden photon ther-mal bath present. For the ase where kineti mixing isthe only interation with standard model partiles, thiswill be justi�ed later. Additional light partiles hargedunder the hidden U(1)h would appear as minihargedpartiles (MCPs) whih ould mediate the formation of ahCMB before BBN. Given the existent onstraints on thenumber of additional neutrinos at BBN and on MCPs [4℄we will not disuss this possibility here and fous insteadon the ase when there is only a hidden photon.The osillation of photons into hidden-setor photonsdereases the photon number and energy density (n ; �)leaving the total energy unhanged. The key parameterwill be the fration of � that is onverted into hiddenphotons, x � �0=� .We will see that inelasti proesses are e�etive afterhCMB deoupling. Therefore the remaining photons willregain a blak body distribution, albeit, due to the energyloss, at a lower temperature,Tafter = (1� x) 14 Tbefore : (3)
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2Sine neutrinos remain unhanged during the hCMBformation, the ratio of neutrino and photon temper-atures will also inrease. The invisible energy den-sity (in radiation) at deoupling an be estimated usingCMB anisotropies and is often quoted as the e�etivenumber of `standard' neutrinos, by normalizing it with(7=8)(4=11)4=3� . In our ase,Ne�� � �total � �78 � 411� 43 � = N std�(1� x) + x1� x 87 �114 � 43 (4)is the sum of neutrino and hidden photon ontributions.Strong limits on Ne�� at deoupling arise from global�ts of CMB anisotropies alone [5℄ or ombined with largesale struture data [6℄. Inlusion of Lyman-� data favorsvalues Ne�� > 3 [7℄, although this might well be due tosystematis [8℄. A reent analysis of WMAP5 plus otherCMB anisotropy probes, large sale struture (no Ly-�)and supernovae data provides [9℄Ne�� = 2:9+2:0�1:4 (95% C:L:) ; (5)whih, using the standard, N std� = 3:046, turns (5) intox . 0:20 : (6)As a onservative example of the inlusion of Ly-� datawe propose Ne�� = 3:8+2:0�1:6 (95% C:L:) [8℄, suggesting x '0:1. It is worth noting however that values as high asNe�� = 5:3 an be found also in the literature [7℄.Sine n is proportional to T 3, the baryon to photonratio (whih would otherwise remain onstant) is alsomodi�ed aording to�after = (1� x)� 34 �before : (7)Indeed the value for � inferred from the abundanes of thelight elements produed at BBN and the one obtained bymeasuring temperature utuations in the CMB [9℄ agreewithin their error bars,�BBN = 5:7+0:8�0:9 � 10�10 (95% C:L:); (8)�CMB = 6:14+0:3�0:25 � 10�10 (95% C:L:); (9)whih allows us to set the bound x . 0:32.Photon osillations in the early universe plasma.- Theformalism to study the dynamis of a thermal bath ofpartiles that undergo `avor' osillations among the dif-ferent speies was developed some time ago [10, 11℄, fora textbook treatment see [12℄.The state of an ensemble of  and 0 is desribed by a2-by-2 density matrix,� = 12(1 +P � �) ; (10)where � has the Pauli matries as omponents and P isa `avor polarization vetor' arrying all the information

of the ensemble. The modulus jPj gives the degree ofoherene, Pz = 1 (�1) orresponding to a pure  (0)state, while jPj = 0 to a ompletely inoherent state,whih of ourse de�nes the state of `avor equilibrium'.The transverse omponents Px;y ontain the quantumorrelations.The time evolution of the ensemble is given by a pre-ession of P (avor osillations) and a shrinking of itstransverse omponent (deoherene due to absorptionand sattering), aording to Stodolsky's formula [11℄_P = V �P�DPT : (11)Here V is the `avor magneti �eld' given by�0� sin 2�e�0os 2�e� 1A � m202! 0� sin 2�0os 2� 1A� !2P2! 0� 001 1A ; (12)where ! is the ; 0 energy and we have inluded the re-fration properties of the medium (basially an eletronplasma) as a photon `e�etive mass', given by the plasmafrequeny !2P ' 4��ne=me with � the �ne-struture on-stant, and me; ne the eletron mass and density.The damping fator D equals half the ollision rateof photons [11℄, here dominated by Thomson sattering,�C ' 8��2=(3m2e)ne.Before dealing with the details of the alulation, wewill try to gain some intuition about the main points ofthe osmology of the  � 0 system. For temperaturesbelow 0:04 me � 20 keV, eletrons and positrons haveannihilated leaving an eletron reli density whih bal-anes the harge of protons, namely ne ' nB = � n =� 2�(3)T 3=�2. Using the BBN entral value (8), we �nd!2P ' (0:16 meV)2� TkeV�3 : (13)As the universe expands, the density dereases and sodo the plasma mass and absorption rate. The ratioR � !�C=!2P is, however, independent of ne and verysmall, 2�!=(3me) � 10�5(!=keV). Therefore the damp-ing termD in (11) is typially smaller than the preessionrate �, the only possible exeption being the resonantase to be disussed later. In this situation we an usethe preession-averagedPT in (11), whih then turns intoh _jPj=jPji = � os2 2�e� sin2 2�e��C=2 [12℄. Under theseonditions a signi�ant hCMB will form if the rate~� � 12 os2 2�e� sin2 2�e��C (14)exeeds the expansion rate of the universe, given by theHubble parameter H = 2:5� 10�22 (T=keV)2 eV.Isoontours of ~�=H = 1 have been plotted in Fig. 1,showing the possible history of the hCMB formation fordi�erent values of m0 and sin�. During its evolution,the universe moves on a horizontal line of �xed � from
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FIG. 1: Isoontours of ~�=H = 1 for di�erent 0 masses.high temperature (right) to low temperatures (left). Wean learly distinguish three di�erent regimes separatedin time by a resonant peak ourring at T res, the temper-ature at whih !2P has dereased enough to math exatlym20 os 2�.a) In an early stage, for T � T res, !P is so large thatthe hidden photon is omparatively massless; photonsare very lose to being both interation and propagationeigenstates and �0 osillations are strongly suppressedby the e�etive mixing angle given bysin 2�e� ' m20!2P sin 2�� sin 2� : (15)This is in ontrast to the usual osmology of exoti parti-les. Light hidden photons are ompletely deoupled forhigh enough temperatures (as long as their only relevantoupling is the kineti mixing). This justi�es our earlierlaim and allows us to set the initial onditions for the�0 system to Pz = +1, i.e. a pure photon bath withouthidden photons. As the temperature approahes T res,sin 2�e� inreases and an even be enhaned omparedto sin 2�. Hidden photons will be e�etively produedwhen rossing the ~�=H = 1 line in Fig. 1.b) In a small region around T res, the prodution an bee�etive even for very small �. Unfortunately, the pre-ession average is not justi�ed beause typially �res �m20 sin 2�=(2!) � D. Below we provide details on thealulation in this regime.) For T � T res, the averaging proedure is againjusti�ed. In this regime, m0 � !P and we re-over the well known vauum ase. The evolution willagain freeze out after rossing the ~�=H = 1 line in Fig. 1.Resonant prodution.- >From Fig. 1 it is lear that for� . 6�10�6 (larger values are exluded by laboratory ex-periments, see Fig. 2) prodution is e�etive only in theresonant regime. Therefore, we need an approximationthat is valid in the viinity of the resonane. Moreover,sine the resonane happens only for a short period of

time, the simple riterion ~�=H > 1 is not suÆient toensure that a sizable hCMB is produed. Aordinglywe have to alulate the integrated prodution.In the viinity of the resonane, the osillation fre-queny is minimal (�res � m20 sin 2�=(2!)) and indeedtypially muh smaller than the damping fator �C. Theevolution of P in a general `strong damping' regime wasstudied in [11℄ where it was found that the avor relax-ation rate is given by� = V 2T DD2 + Vz = 12 sin2 2�r2 + (os 2�� y)2�C ; (16)with y � !2P=m20 and r � !�C=m20 . The strong damp-ing ondition reads simply r� sin 2�. In the interestingregion � . 6 � 10�6 this is typially ful�lled beauser ' R ' 10�5(!=keV). At the low energy end of thespetrum we will typially violate the strong dampingregime, but this region ontributes omparatively littleto the energy density.The physial meaning of (16) is lear regarding (11).Sine D damps PT, P will rapidly beome attahed tothe z axis (regardless of the initial value). Note that, forjVTj � �sin 2�e� = 0, PT = 0 is a stationary solutionof (11) for whih the prodution rate would vanish. Nowlet us swith on a small VT 6= 0. The preession ausedby VT tries to move P away from the z-axis. However,any transverse omponent is immediately damped awayagain beause D � jVTj. While the preession keepsjPj onstant, it is dereased by the damping. Therefore,while the diretion of P will remain roughly onstant, itsmodulus will slowly derease in time and we approah`avor equilbrium' at a rate (16).Integrating Eqs. (11), (16) over time we an alulatethe  $ 0 transition probability,P!0(Tf ) = 12  1� exp(Z Tf1 �H dTT )! ; (17)where we have used a parametrisation in terms of thetemperature T instead of time. Sine the relevant partof the integral omes from the viinity of the resonane,we expand the denominator of � around y = 1 up to therelevant quadrati term. Expressed in terms of z = 3py,and using �nally sin 2� ' 2�, the integral is12 Z �HT dT ' �2 � �CHT �resZ T resdzR2 + 9(z � 1)2 (18)' �2 ��CH �res�3R = �3 m20�2Hres! = 1:0� 1011 �2w ;where we have evaluated the braed ombination at T res(sine it does not depend on T ) and used w = !=T res.Our main result, namely the fration of the energystored in the hCMB, is obtained by integrating the prob-ability over the Boltzmann distribution,x = 15�4 Z 1w0 w3ew � 1P!0 : (19)



4To be onservative we shall ut o� the integral at smallfrequenies where the strong damping approximationbreaks down, R ' 2�, orresponding to !0 ' 2 � 105�keV. If � is large, this an a�et a sizable part of thespetrum. Otherwise, we obtain an analyti expressionby expanding (17),x ' 3:9� 1010 �2 : (20)During this epoh, double Compton sattering isative, sine �2C � ��C(!=me)2 is typially � Hres(for m0 & 0:1 meV). Therefore the remaining photonswill regain a blak body spetrum after the resonantprodution.Disussion and onlusions.- In the region 0:1meV .m0 . 10meV, the fration of photons onverted intohidden photons depends only very weakly on the mass(f. Eq. (20) and Fig. 2). For � & 10�5, the reso-nant prodution would be suÆiently strong to onvertroughly half the photon energy into hidden photons. Thiswould learly be in ontradition with osmologial ob-servations: even the onversion of a small part of thephoton energy into hidden photons may leave observabletraes in the e�etive number of relativisti speies Ne��and in the baryon to photon ratio �. Using x < 0:2,from the upper limit on Ne�� in Eq. (5), or the slightlyweaker onstraint x . 0:32, from the upper limit on � inEq. (8), one obtains an upper bound � . (3� 4)� 10�6,in the mass range 0:1meV . m0 . 10meV (f. Fig. 2).In the mass range 0:15meV . m0 . 0:3meV, this im-proves upon the previously established upper bounds on� { from searhes for deviations from the Coulomb lawand from light-shining-through-walls (LSW) experiments{ by a fator of up to 2 (f. Fig. 2).As mentioned earlier, inlusion of Lyman-� data seemsto favor higher values of Ne�� > 3 [7, 8℄. It is temptingto interpret this in terms of an hCMB (for an alternativeexplanation see [19℄). Fortunately, the parameter regionorresponding to the required energy fration, x ' 0:1,an be explored in the near future by pure laboratory ex-periment, notably by LSW experiments [15℄ or an experi-ment exploiting mirowave avities [17℄ (f. Fig. 2). Fur-thermore, the hidden photon CMB itself ould be testedby an experiment like ADMX [20℄ in whih hidden pho-tons entering a avity an be reonverted into detetableordinary photons.[1℄ B. Holdom, Phys. Lett. B 166, 196 (1986); R. Foot, andX. G. He, Phys. Lett. B 267, 509 (1991).[2℄ K. R. Dienes et al., Nul. Phys. B 492, 104 (1997);S. A. Abel and B. W. Sho�eld, Nul. Phys. B 685,150 (2004); S. A. Abel et al., hep-ph/0608248; 0803.1449[hep-ph℄.[3℄ L. B. Okun, Sov. Phys. JETP 56, 502 (1982).[4℄ S. Davidson, S. Hannestad and G. Ra�elt, JHEP 0005,003 (2000).
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FIG. 2: Isoontours of x � �0=� at the CMB epoh inthe mass-mixing plane. The region above x = 0:32 is ex-luded by the agreement between the baryon to photon ra-tio inferred from BBN and CMB data, while x > 0:2 is ex-luded by the upper limits on the osmi radiation density atCMB, usually expressed in terms of the e�etive number ofneutrinos Ne�� = 3:046 + �Ne�� . Also shown are the exlu-sion bounds from Coulomb law tests [13℄, CAST (Sun) [14℄and light-shining-through-walls (LSW) experiments [15℄. Thenear future prospets of the ALPS experiment are also shown[16℄. Sensitivity in the region labeled `Cavity' an be obtainedby an experiment using mirowave avities [17℄. The remain-ing region at higher masses an be probed by solar hiddenphoton searhes [18℄.[5℄ K. Ihikawa et al., 0803.0889 [astro-ph℄; J. Dunkley et al.[WMAP℄, 0803.0586 [astro-ph℄.[6℄ G. Mangano et al., JCAP 0703, 006 (2007); K. Ihikawa,M. Kawasaki and F. Takahashi, JCAP 0705, 007 (2007);E. Komatsu et al. [WMAP℄, 0803.0547 [astro-ph℄.[7℄ U. Seljak et al., JCAP 0610, 014 (2006); M. Cirelli andA. Strumia, JCAP 0612, 013 (2006).[8℄ J. Hamann et al., JCAP 0708, 021 (2007).[9℄ V. Simha and G. Steigman, 0803.3465 [astro-ph℄.[10℄ R. A. Harris and L. Stodolsky, Phys. Lett. B 116, 464(1982).[11℄ L. Stodolsky, Phys. Rev. D 36, 2273 (1987).[12℄ G. G. Ra�elt, \Stars As Laboratories For FundamentalPhysis" Chiago, USA: Univ. Pr. (1996) 664 p[13℄ D. F. Bartlett and S. Loegl, Phys. Rev. Lett. 61, 2285(1988); E. R. Williams, J. E. Faller and H. A. Hill, Phys.Rev. Lett. 26, 721 (1971).[14℄ J. Redondo, 0801.1527 [hep-ph℄.[15℄ M. Ahlers et al., 0711.4991 [hep-ph℄, and refs. therein.[16℄ See http://alps.desy.de/e55 .[17℄ J. Jaekel and A. Ringwald, Phys. Lett. B 659, 509(2008).[18℄ S. Gninenko and J. Redondo, 0804.3736 [hep-ex℄.[19℄ K. Ihikawa et al., JCAP 0705, 008 (2007).[20℄ S. Asztalos et al., Phys. Rev. D 64, 092003 (2001).
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